Abstract
Palm oil, in its original form, is red. The colour is due to the presence of tocopherols and tocotrienols. Until relatively recently these compounds have been removed and sold separately. The chemical spectrum of red palm oil is shown in table 1. The use of red palm oil per se in research has been rather limited. There is a more extensive literature related to the use of the tocotrienol fraction in studies of lipid metabolism, atherosclerosis, and cancer. In the ensuing discussion, the uses of red palm oil will be discussed first, and the studies in which the tocopherol fraction was used will be addressed separately. In addition to the human studies, there will be a review of the experimental studies that may be germane to human health. The nutritional aspects of palm oil have been discussed by Cottrell [1] .
Manorama and Rukmini have done pioneering work in investigating the use of red palm oil as an available and inexpensive source of β-carotene and vitamin A in the human diet. They demonstrated how to make red palm oil nutritionally acceptable [2] . They also showed that 70% to 88% of the β-carotene of red palm oil is retained during cooking [2] . Twelve schoolchildren were fed a snack made with red palm oil, and a similar number were given a daily dose of vitamin A. After 60 days, the level of serum retinol was the same in both groups (table 2) [3, 4] . In a second study, children were given a snack containing either 50,000 IU of vitamin A or 4 g of red palm oil. After 30 days the serum retinol levels were the same in the two groups, and the β-carotene levels had more than trebled in the children given red palm oil (table 3) . A study in children most of whom had serum retinol levels below 0.7 µmol/L found that elevations in serum retinol could be maintained one month later in probands receiving
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The author is affiliated with the Wistar Institute in Philadelphia, Pennsylvania, USA. vitamin A or 4 or 8 g of red palm oil. Six months after cessation of treatment, the retinol levels were still high in all the children given vitamin A or 8 g of red palm oil. However, the serum retinol levels had fallen below 0.7 µmol/L in one-third of the children given 4 g of red palm oil (table 4) . In a recently reported study, Manorama et al. [5] supplemented the diets of healthy subjects with red palm oil and the diets of anaemic adolescent girls with red palm oil and ferrous sulphate. Inclusion of red palm oil in the diets of the 18 healthy subjects led to increases in serum retinol and α-tocopherol and decreases in serum total cholesterol and in the ratio of low-density lipoprotein (LDL) to high-density lipoprotein (HDL) cholesterol (table 5) . Eighteen anaemic adolescent girls were given iron supplements (ferrous sulphate) or the same supplement with red palm oil. The haemoglobin levels were reduced by 15% in girls given the iron supplement and increased by 7% in girls given iron plus red palm oil. Van Stuijvenberg et al. [6] also found that plasma carotene levels were increased in children given biscuits made with red palm oil. Red palm oil has also been found to improve the vitamin A status of nursing mothers and to increase the carotene content of their breastmilk [7, 8] (table 6) . The human studies cited above show that red palm oil is a useful addition to the present array of dietary fats, which has the added advantage of ameliorating vitamin A deficiency. A few animal studies that have been conducted using red palm oil may serve to suggest other human uses that may have definite useful health effects.
Manorama and Rukmini [9] compared the effects of red palm oil, palm olein, and peanut oil in rats. The overall nutritional effects-feed efficiency, weight gain, fat absorption, nitrogen, calcium, and phosphorus retention-were the same for all three oils. There were no significant differences in organ weights. After 90 days, the serum cholesterol levels were similar in the three groups but the liver cholesterol levels were significantly higher in rats fed palm olein. There were no significant differences in organ weights, or in serum or liver triglycerides. Another study [10] compared the effects of red palm oil, sunflower oil, and vegetable ghee on growth and on serum and liver lipids in weanling and mature rats. In both studies the lowest serum and liver cholesterol levels were observed in the rats fed red palm oil (table 7) .
The effects of red palm oil and palm olein on experimental atherosclerosis in rabbits have been compared [11] . Rabbits fed red palm oil exhibited significantly less severe atherosclerosis (table 8) . These two groups were part of a more extensive study, which included a third group that was fed randomized palm oil. It was part of a series of experiments studying experimental atherosclerosis in rabbits as a function of the positional isomerism of dietary triglycerides. The positional isomerism of the fatty acids of naturally occurring triglycerides is determined genetically. Small [12] has provided data on the structure of the major triglycerides of many common fats (table 9). In our earlier studies, we found that saturated fat was more atherogenic for rabbits than was unsaturated fat [13] and examined the possibility that specific saturated fatty acids might exert unique atherogenic effects. We obtained specially prepared fats in which corn oil had been corandomized with trilaurin, trimyristin, tripalmitin, or tristearin to yield fats enriched in lauric, myristic, palmitic, or stearic acid. There were no differences in atherogenicity among these fats [14] . Since the randomization process had provided fats in which every component fatty acid was present to one-third of its concentration in each position of the triglyceride, we reasoned that the precise triglyceride structure might play a role in the atherogenic process.
McGandy et al. [15] fed similarly prepared fats to human subjects and after finding no specific cholesterolaemic effects, concluded that triglyceride structure could be of importance. This surmise gained credence when we realized that in the digestive process the fatty acid at the 2 position of the triglyceride is about 75% conserved [16] , and thus, a specific fatty acid at the 2 position of a dietary fat could dictate the structure of the triglyceride appearing in the circulation and, in part, affect lipid metabolism. We have now studied the atherogenic effects of native and randomized lard and tallow [17] and cottonseed oil [18] . The amount of palmitic acid in the 2 position influences atherogenicity but has no effect on serum cholesterol (table 10) . Palm oil contains about 40% palmitic acid, but only about 3% is in the 2 position. Randomized (interesterified) palm oil also contains about 40% palmitic acid, but only 13.6% is in the 2 position. Randomized (interesterified) palm oil is significantly more atherogenic than native palm oil [11] (table 10) . The mechanism underlying this effect is still unexplained.
Although studies of red palm oil have been few, there have been a number of reports of the use of the mixture of tocopherols and tocotrienols of red palm oil. It is tempting to suppose that the isolated components of red palm oil would behave like red palm oil, but that hypothesis must be put to experimental test. Qureshi et al. [19] administered a mixture of 50 mg of the tocotrienol-rich fraction (TRF) of palm oil in 250 mg palm oil to 15 hypercholesterolaemic subjects over a four-week period. The subjects took four capsules twice a day to provide 400 mg of TRF. The 40 control subjects ingested 300 mg of corn oil daily. After four weeks, the total serum cholesterol levels in the control subjects had risen slightly (2%), whereas those of the test subjects were 20% lower. The LDL cholesterol levels were virtually unchanged in the control group but had fallen by 27% in the test group (table 11) . Platelet aggregation was reduced in the subjects given the TRF preparation. Triglyceride levels were slightly lower in the test patients. Tan et al. [20] also found the TRF preparation to lower plasma cholesterol in men and women. In four men whose average starting cholesterol levels were below 200 mg/dl, the average reduction was 8.2 ± 0.6%; in five men whose levels were between 201 and 239 mg/dl, the reduction was 10.6 ± 2.5%; and in 13 men whose levels were above 240 mg/dl, the reduction was 16.8 ± 2.0%. The LDL cholesterol levels fell by 10.0 ± 5.4%, 16.3 ± 2.8%, and 16.7 ± 3.2% in the three groups, respectively (table 12). The findings are not unanimous, however. Wahlqvist et al. [21] administered the TRF fraction to 44 hypercholesterolaemic subjects (23 men and 21 women) for 16 weeks. There were significant increases in serum concentrations of vitamin E, total tocopherol, and total tocotrienol, but there were no significant changes in any serum lipid fraction. They also saw no changes in plasma prostaglandins or in platelet function. Thus, this point remains to be settled.
Tomeo et al. [22] studied 50 subjects with advanced carotid stenosis. Half were given the TRF preparation in palm olein, and the controls were given palm olein. After a year, 7 patients given TRF had regression of stenosis, 2 had progression, and 16 had no change. In the control group, no patients had regression, 15 had no change, and 10 had progression. The investigators saw no significant changes in serum total, HDL, or LDL cholesterol or in triglycerides (table 13) . Studies of the effects of TRF on human serum lipids have, to date, yielded conflicting results, and the need for further careful clinical investigation is indicated. The TRF of red palm oil or components of the TRF have been tested for their effects on various aspects of tumorigenesis. Ngah et al. [23] investigated the effects of tocotrienols on 2-acetyaminofluorene (AAF)-induced liver cancer in rats. They did not quantitate the severity of tumorigenesis. Microscopically assessed cell damage was reduced in tocotrienol-fed, AAF-treated rats. The activity of several pre-neoplastic marker enzymes-γ-glutamyl-transpeptidase (GGT), uridyl-diphosphate glucuronyl transferase (UDP-GT), and glutathione S-transferase (GSH-ST)-were elevated in AAF-treated rats, and the levels of the enzymes were reduced significantly in AAF-treated, tocotrienol-fed rats. The effects of palm carotenes and palm tocotrienols on the development of chemically induced skin cancer (epithelial papilloma) and virus-induced lymphoma in HRS/J hairless female mice have been reported [24] . The tocotrienol-fed mice showed delayed formation of subcutaneous lymphoma, but those fed palm carotenes showed regression in a concentration-dependent fashion. Epithelial papilloma formation was totally inhibited in groups fed 0.3% palm oil carotenes or a mixture of 0.05% each of palm oil carotenes and tocotrienols.
Palm oil carotenoids inhibited growth of dimethylhydrazine (DMH)-induced colon cancer in rats, whereas the TRF fraction enhanced tumor growth [25] (table 14) . Red palm oil fortified with 1,000 ppm of carotenes inhibited growth and metastasis of human breast cancer cells (MDA-MB-435) when injected into nude mice [26] . Addition of 1,000 ppm of TRF did not influence growth or metastasis. These findings are in contrast to other reports that palm oil TRF inhibits chemically induced mammary carcinogenesis in rats [27] as well as the growth of human breast cancer cells in vitro [28] [29] [30] [31] .
Palm oil TRF appears to cause regression of epithelial tumors in BALB/c mice when added to either low-or high-fat diets [32] . Gould et al. [33] reported that neither TRF nor palm oil carotene had any effect on the growth of chemically induced mammary tumors in rats. The weight of the evidence suggests that TRF can inhibit tumor growth, but doubts have been raised and the need for further studies is indicated.
It is evident that red palm oil has definite health advantages related to serum retinol and vitamin levels in humans. Red palm oil has also been shown to be less atherogenic than palm olein in cholesterol-fed rabbits. More studies of the effects of red palm oil are needed.
Studies with the TRF of palm oil are generally positive, in the sense that most of them show reduction of serum lipids and of tumor growth, but the studies are not unanimous and there have not been enough positive studies to warrant dismissal of negative findings. It is quite possible that TRF in situ has a greater effect than TRF supplements, as if there were synergy between TRF and palm olein. This possibility is amenable to test and should be explored.
Red palm oil has the potential to be a very useful nutrient. Presumably it will have the same effect on serum lipids and fat metabolism as palm olein, which is not hypercholesterolaemic [34, 35] . In addition, its unique content of tocopherols and tocotrienols provides an added component that has already been shown to exert beneficial effects. More studies should be done to support the growing contention that red palm oil can be a useful and healthful addition to the human diet. 
